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Metabolism and Toxicology of
Pyrethroids with Dihalovinyl

Substituents

by Luis O. Ruzo* and John E. Casida*

Replacement of the photolabile and biodegradable isobutenyl substituent of pyrethroids with a di-
halovinyl group often leads to improved insecticidal potency and enhanced photostability. This type of
structural modification does not greatly alter the ease of detoxification in mammals since other sites in the
molecule undergo metabolic attack. The available toxicological information on dihalovinyl pyrethroids
indicates that they are suitable replacements for other insecticides with less favorable persistence and

toxicological characteristics.

Pest control to maintain and improve crop yields
and human health standards requires the use of ef-
fective and biodegradable insecticides with minimal
hazard for man, domestic animals and wildlife.
Strong reliance was placed in the past on chiori-
nated hydrocarbon insecticides, such as DDT and
the cyclodienes, compounds whose use is now re-
stricted because of unfavorable persistence and tox-
icological properties. The current replacements for
chlorinated hydrocarbons are organophosphorus
compounds and methylcarbamates that are less
persistent but many of which have a high acute tox-
icity for man and higher animals. There is a critical
need for alternative insecticides with many of the
benefits but not the disadvantages of the chlori-
nated hydrocarbons. It appears likely that some of
the newer pyrethroids will meet this need.

Discovery and Structure—Activity
Relationships
Pyrethroids, one of the oldest classes of insec-

ticides, have been modified in recent years to bring
them to the forefront as insect control agents for
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agriculture and public health. Pyrethrum flowers
and their extracts were used for more than a cen-
tury prior to identification of the six insecticidal
components, the most active of which is pyrethrin I
(D (I). Twenty-five years of structure-activity
studies resulted in a series of useful synthetic
pyrethroids, starting with allethrin and later includ-
ing resmethrin and phenothrin and a variety of other
chrysanthemates important in household, veteri-
nary and stored products insect control (2—-6). The
IR isomers are much more active than the 1S isom-
ers, while the optimal configuration at the
3-position varies between different series of com-
pounds.

pyrethrin I (IR, 3S,aS): X = Me;C=CH—;
Y= —CHxCHSCHCH=CH,

ollethrin (IRS, 3RS, aRS): X = MepC=CH—;
Y= —CH,CH=CH,

“"dichloroallethrin” (IRS, 3RS, aRS):
X = ClaC=CH—; Y = —CH,CH=CH,

resmethrin (IRS,3RS): X = Me,C=CH—
"haloresmethrins” (various isomers):
X = CloC=CH— or other halogen
analogs

phenothrin (IRS,3RS): X = MeaC=CH—; Y= —H

X O 0 permethrin (IRS, 3RS): X = Cl,C=CH—; Y= —H
X—3 P 0 NROC 149 (IRS,3RS,aRS): X = Cl,C=CH—; Y= =CN
& decamethrin (IR, 3R,aS): X = BrpC=CH—; Y= —=CN

ey
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Chrysanthemates with a variety of alcohol
moieties proved inefficient in crop protection, in
part because they lacked sufficient stability in light
and air. Attempts to stabilize them by adding an-
tioxidants or by formulation to minimize decompo-
sition proved inadequate. It became apparent that
improved pyrethroids must combine increased po-
tency with enhanced photostability.

The isobutenyl substituent of chrysanthemates is
important in conferring high insecticidal activity but
it also limits their metabolic and photochemical sta-
bility [Eq. (1)]. Insects rapidly oxidize the
trans-methyl group of this substituent to the corre-
sponding alcohol, aldehyde, and carboxylic acid
with loss of insecticidal activity (7, 8). This oxida-
tion is inhibited and the insecticidal activity in-
creased on addition of a mixed-function oxidase
(mfo) inhibitor such as piperonyl butoxide (PB).
The isobutenyl group also undergoes rapid photo-
oxidation, forming the epoxide and various hy-
droxy, keto, and carboxylic acid derivatives (9-11).
Pyrethroids of greater insecticidal activity and per-
sistence therefore require replacement of the
isobutenyl group by more stable substituents which
maintain adequate fit at the insect nerve receptor

site.
mfo or 23
R hll.°2 h"voz OR

enz hy,

or [0z

" ety
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On replacement of the isobutenyl group with a
dichlorovinyl substituent, the highly insecticidal al-
lethrin is converted to ‘‘dichloroallethrin’’ (I) with a
3-fold increase in potency for killing houseflies and
a 3-fold decrease in knockdown activity (12). This
same type of structural modification was found
many years later to increase the potency and stabil-
ity of other chrysanthemate insecticides (3-6,
13-21) (Table 1). The dihalovinyl-containing esters
of 3-phenoxybenzyl alcohol (e.g., permethrin), al-
though less potent than the corresponding esters of
S-benzyl-3-furylmethyl alcohol (i.e., the halores-
methrins), are preferred for two reasons: they are
more stable in light and air since they lack the
photolabile furan group; they are less toxic to
mammals (6, 9, 13-15, 17, 18). Incorporation of an
a-cyano group further increases the potency of the
phenoxybenzyl esters (3-6, 16, 18, 22, 23). Particu-
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larly active compounds are NRDC 149 and de-
camethrin. The aS configuration at the benzyl car-
bon provides much greater potency than its aR
isomer (16). Decamethrin, the 1R-ester with a
3R-dibromovinyl substituent and an aS-cyano
group, is the most potent insecticide known of any
type (16).

The dihalovinyl pyrethroids are more expensive
than most other insecticides. Fortunately, these
pyrethroids are effective at very low doses (10-100
gr/ha depending on the compound and the pest) and
they are sufficiently stable that one or only a few
applications per season may suffice. The potency of
these pyrethroids has other beneficial aspects in
that the very low dose required minimizes crop res-
idues and the environmental burden in agricultural
areas. Further, there are higher crop yields in some
cases due to reduced phytotoxicity relative to other
insecticides.

| Synthesis

3-(2,2-Dihalovinyl)-2,2-dimethylcyclopropane-
carboxylic acids, the acid moieties of dihalovinyl
pyrethroids, can be prepared by several routes in-
volving a variety of starting materials and yielding
products with different cis/trans isomer ratios or
stereochemical purities. A few examples are given
below, using the dichlorovinyl acid for illustration.

The ethyl ester of the dichlorovinyl acid was first
prepared by the carbene reaction of ethyl diazoace-
tate and 1,1-dichloro-4-methyl-1,3-pentadiene [Eq.

)] U2).
C'>=/=< NoCH Et cu_ dichlorovinyl acid,
Cl ethyl ester
cis/trans = ||
3)

Many methods are currently being evaluated for
commercial synthesis of the dichlorodiene (12, 24,
25). This route to the dichlorovinyl ester requires
special precautions in the safe handling of ethyl
diazoacetate.

The dichlorovinyl acid or its esters can also be
prepared by radical addition of carbon tetrachloride
to appropriate unsaturated esters (26) or ketones
(27) [Eqgs. (3) and (4)].

dichloroviny! ocid,
cCi, ”‘og' ethyl ester
OEt ——= Clyf cis/trons = 3: 7
2. NaOH cis/trans = 9:\

1. NaOH
ccn. /{%
— CiC
@

Nao! " in i
X
Ct.
< \ L. NeoC1_ dichlorovinyl acid
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Synthesis via the ester generally gives more trans
than cis isomer, whereas the ketone intermediate
yields either trans-rich or cis-rich mixtures, depend-
ing on the order of treatment with base and oxidant.

In some cases it is advantageous to use a specific
stereoisomer (1R,3S or 1R,3R) of the acid in pre-
paring the pyrethroid. The cis- and trans-isomers as
their ethyl esters are readily separated by spinning
band distillation and the 1R and 1S epimers of the
cis- or trans-acid are easily resolved with appro-
priate optically active amines (/7). The 1S isomer of
the dichlorovinyl acid chloride can be thermally
epimerized to its 1R isomer (28).

The 1R,3S isomer of chrysanthemic acid is ob-
tained in a somewhat analogous manner (29) in the
production of commercial chrysanthemate insec-
ticides. Insecticidally inactive 1S acids can then be
epimerized to the 1R acids, via their esters or
chlorides (29), so [1R,3S]- and [1R,3R]-chrysan-
themic acids are potentially available in large
amounts. This is important because the chrysan-
themates can be converted to the corresponding
dichlorovinyl derivatives having the same
stereochemistry as the starting material. Thus,
ozonolysis of the chrysanthemate ester gives the
caronaldehyde ester (29) which by a Wittig reaction
(13, 18-20) or base addition of chloroform (27) gives
the dichlorovinyl ester [Eq. (5)].

o} Cl . . .
\ Et + >=P¢ —— dichlorovinyl acid,
Cl 3 ethyl ester

(o] (retention of stereo-

chemical configuration)
CHCN)H
1. Ac,O
‘2 2.2n

HO
Et
ciC

Each of these synthetic methods and others still
under investigation yield their own complement of
impurities, often in trace amounts, which must be
considered in toxicological evaluations.

®

Photochemistry

Chrysanthemates and the analogous dihalovinyl
compounds undergo photoisomerization via a dirad-
ical intermediate so that an individual isomer yields
a 1RS,3RS mixture (//) with the anticipated
changes in biological activity [Eqs. (6)]. This
isomerization was first noted with chrysanthemates
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(30-32) and later with dihalovinyl-cyclo-
propanecarboxylates (I1, 33, 34) exposed in various
solvents to ultraviolet irradiation. It also occurs
with dihalovinyl pyrethroids exposed to sunlight as
thin films on various surfaces (/1) and on plant
foliage (35), where it is a relatively slow process so
that the applied isomer dominates the residue pic-
ture. This cis/trans isomerization in solution is
greatly enhanced by triplet sensitizers such as ben-
zophenone and isobutyrophenone (31, 33, 34). In
addition to isomerization, the 1,3-diradical inter-
mediate can either disproportionate to yield the
3,3-dimethylacrylate (30, 32, 34) or cyclize after
radical rearrangement to give the lactone (30, 32).

« \__-OR <
BEVA ' A
X i OR N X>=§ ////[OR
Ihv X/

IR,3S IR,3R

18,38

X =Me,Cl,Br Me
)

Reductive photodehalogenation occurs with
permethrin and particularly decamethrin in solu-
tions exposed to ultraviolet irradiation (11, 33, 34)
but the dehalogenation products are not detected in
significant amounts with either compound upon
sunlight irradiation (11, 34).

Br{%m‘ﬂ."/& OR +B¢ 7-A,ou——w /A _OH
Br Br H H
@)

In addition to these photochemical reactions of
the acid moiety, pyrethroids in general undergo
modifications in the alcohol moiety and extensive
ester cleavage on irradiation in solution or as thin
films (9-11, 33, 34). Photodecomposition generally
reduces the toxicity of pyrethroids (9, 10, 34) except
in mouse assays on the resmethrin photoproducts

).
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Metabolism

Pyrethroids with dihalovinyl substituents are
metabolized in the animal and plant systems ex-
amined by reactions that involve no modification of
the dihalovinyl group. Other portions of the
molecule and particularly the ester linkage and al-
cohol moiety are more susceptible to attack. The
acid moiety of permethrin is metabolized in rats,
cows, adults cockroaches, adult houseflies, cab-
bage looper larvae, and bean and cotton plants as
shown in Eqgs. (8) (28, 35-38). The cis isomer is
generally cleaved more slowly than the trans isomer
and a greater extent of oxidation of the geminal-
dimethyl group is obtained with cis-permethrin.

glucoside glucoside

: o | o
clﬁ S c.{% o - ‘(;A/,g,os
J !

Ci

X1
a—
< HO—~ s ~OH "
—_— +
. ,rou R P B ,,,,gou /
] cl cl

glucoside
glucuronide
glutamic acid conj.
glutamine conj.
glycine conj.

serine conj. (8)

glucuronide glucoside

glucuronide

The 2-cis-hydroxymethyl acids and esters either
undergo lactonization in vivo or the lactone is
formed as an artifact during analysis. The type of
conjugate formed is dependent on the particular or-
ganism involved. The preferred methyl group for in
vivo hydroxylation of trans- and cis-permethrin var-
ies somewhat with the isomer and species under
investigation (28, 35-37). The acid moiety from de-
camethrin metabolism is excreted by rats as the free
acid and its glucuronide and glycine conjugates, and
little or no metabolites are detected which may arise
by hydroxylation of the geminal-dimethyl sub-
stituent (39).

Microsomal enzyme systems from mouse and rat
liver have been used to examine the effect of the
dihalovinyl group on metabolism of pyrethroids
(40—45). Quantitative data on mouse microsomal es-
terases, oxidases, and esterases plus oxidases are
given in Table 1 (41, 42). The cis isomers are not
cleaved at a significant rate by esterases, but they
are oxidized at nearly the same rates as the corre-
sponding trans-esters. Esterase cleavage is en-
hanced by chloro and fluoro substituents and re-
tarded by bromo substituents. Oxidation rates are
altered very little on replacing the methyl groups by
chlorines but they are possibly lowered by bromo
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Table 2. In vivo metabolism of isomer mixtures.

Mammals Insects
Cabbage
Rat Cow Cockroach Housefly Looper
t ¢
cl N c>t t>>c¢ t t t
t ¢ 0
L2
Cl OR > ¢ t > c t> ¢ t

substituents and are definitely reduced by fluoro
substituents. Thus, replacement of the isobutenyl
substituent, which is easily oxidized, by a di-
halovinyl group does not greatly alter the overall
rate of pyrethroid metabolism, presumably because
other substituents are also available for oxidation,
i.e., the 2’ -, 6- and especially the 4’-positions of the
phenoxybenzyl moiety. In the absence of the
isobutenyl group, oxidation in the acid moiety is
diverted to the geminal-dimethyl group at C-2 in the
cyclopropane ring, with very interesting stereo-
specificity [Eq. 9)] ¢3). The IR,3S isomer is hydroxy-
lated by rat and mouse mfo systems only at the 2-
cis-methyl while the 1S,3R isomer is oxidized ex-
clusively at the 2-trans-methyl group. In the 1R,3R
isomer, rat microsomes preferentially hydroxylate
the 2-trans-methyl group while mouse microsomes
do so at the 2-cis-methyl position. [1S,3S]-
Permethrin is mostly hydroxylated at the methyl cis
to the carboxyl by rat and trans by mouse micro-
somes. The preferred methyl group for hy-
droxylation varies not only with the isomer but also
with the species from which the microsomal prep-
arations are obtained.

mt'uoa'u b rot\ }nouu mvu/mt
cl cl X. %
Cl § " C OR
'T"‘ el >Af
IR, 38 1S,3R IR,3R 18,38 (9)

Toxicology

The toxicology of pyrethroids with dihalovinyl
substituents is similar to that of the pyrethrins and
other pyrethroids. Permethrin has been studied in
greater detail (45, 46) than other dihalovinyl pyre-
throids, but unpublished studies by several
laboratories on NRDC 149 and decamethrin indi-
cate that they have many of the same characteris-
tics.
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[1RS,3RS]-Permethrin has an acute oral LDjs, of
490 mg/kg for male and female -mice and >5000
mg/kg for male and female rats (45). Various
laboratories and even the same laboratory @6)
report the rat oral LD;, values of [1RS,3RS]-
permethrin from ~ 450 to >5000 mg/kg,
without explanation as to the possible reasons for
the discrepancies. The individual isomers of perme-
thrin have mouse oral LD;, values as follows:
1R,3S-3150 mg/kg; 1R,3R- ~96 mg/kg; 1S,3R and
1S,3S- >5000 mg/kg (45). The toxicity of isomer
mixtures approximates that expected if there is no
potentiating effect of one isomer component with
another. The symptoms of permethrin poisoning in
mice and rats include hypersensitivity, tremor and
motor ataxia, sometimes with fibrillation and saliva-
tion. The subcutaneous and dermal toxicities are
very low as compared with the oral toxicity. Per-
methrin does not cause eye or skin irritation or skin
sensitizing effects. In six-month feeding studies
with rats, the dietary no-effect level is 1500 ppm. At
a higher level (3000 ppm) there is slight hypertrophy
of hepatoparenchymal cells. The acute and sub-
acute inhalation toxicity to rats and mice indicates a
wide margin of safety between the no-effect con-
centration of permethrin and the levels likely to be
used as aerosols in insect control.

Mutagenicity tests in a variety of systems give no
indication that permethrin poses a problem in this
respect (Table 3). The studies with bacteria include
strains sensitive to base-pair substitution and
frameshift mutagens, and with increased permeabil-
ity to large molecules and DNA-repair deficient
mechanisms. The bacterial tests were made with
and without exogenous metabolic activation (mouse
and rat liver homogenate) and also in a host
(mouse)-mediated assay. Tests on mammals were
made with cultured mouse lymphomal cells with
and without metabolic activation and by the dom-
inant lethal system in male mice. The doses tested
varied from low to high levels. These findings are of
particular interest because of the relatively high
correlation between mutagenicity and oncogenicity
and because permethrin bears a partial structural

- similarity to two chemical carcinogens, vinyl
chloride (47) and 1,1-dichloro-2,2-bis (p-chlo-
ropheny!) ethylene (48). It appears that the dichlo-
rovinyl group as a portion of the permethrin mole-
cule does not confer mutagenic activity under the
test conditions used. Permethrin is not teratogenic
in mice when administered orally from days 7 to 12
of gestation at doses of 15, 50, and 100 mg/kg (45).

Decamethrin has an acute oral LDs, of 67-139
mg/kg for male and female rats and 19-34 mg/kg for
male and female mice, the range in values resulting
from the use of different carrier solvents for ad-
ministration (49).
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Prior to extensive use of permethrin and related
dihalovinyl-containing pyrethroids in pest control,
further carcinogenicity and multigeneration repro-
duction tests must be completed.

The toxicity of some pyrethroids administered in-
traperitoneally to mice is increased by the mfo in-
hibitor PB and an esterase inhibitor (S, S, S-tributyl
phosphorotrithioate or DEF, a cotton defoliant)
(Table 1). [1RS,trans]-Permethrin, on the other
hand, appears to be so efficiently metabolized by
both oxidases and esterases that its toxicity is not
synergized by these compounds. If synergists are to
be used with dihalovinyl-containing pyrethroids,
they must be selected with care and thoroughly
tested to ascertain that no unique hazards are as-
sociated with such combinations.

Pyrethroids in general seem to have low toxncnty
to birds but very high toxicity to fish (45). They
must be used under conditions that fish are not ex-
posed directly or indirectly to avoid severe en-
vironmental consequences.

Portions of this research were supported by grants from the
National Institute of Environmental Health Sciences (Grant No.
S PO1 ES00049), FMC Corporation (Middleport, N.Y.), and
Wellcome Foundation Ltd. (London, England).
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